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Abstract
Recent experiments have tuned the monolayer 1T′-WTe2 to be superconducting by electro-
static gating. Here, we theoretically study the phonon-mediated superconductivity in monolayer
1T′-WTe2 via charge doping. We reveal that the emergence of soft-mode phonons with specific
momentum is crucial to give rise to the superconductivity in electron-doping regime, whereas no
such soft-mode phonons and no superconductivity emerge in hole-doping regime. We also find a
superconducting dome, which can be attributed to the change of Fermi surface nesting condition
as electron doping. By taking into account the experimentally established strong anisotropy of
temperature-dependent upper critical field Hc2 between the in-plane and out-of-plane directions,
we show that the superconducting state probably has the unconventional equal-spin-triplet pairing
in Au channel of C2h point group. Our studies provide a promising understanding to the doping
dependent superconductivity and strong anisotropy of Hc2 in monolayer 1T
′-WTe2.
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Tuning the topological materials to be superconducting provides a highly efficient way
to search and study the exotic supeconductivity such as unconventional and topological su-
perconductivity. Some methods have been developed to achieve the target, including the
doping through metal intercalation [1–4], high pressure [5, 6], proximity effect [7–10], hard
and soft tip contact [11–15], and electrostatic gating [16, 17]. Among them, the electrostatic
gating has advantage to freely tune the materials in both electron- and hole-doped regimes
without introducing dopant. Recently, the intrinsic superconductivity in the monolayer
topological insulator 1T′-WTe2 have been experimentally observed by two groups through
moderate electrostatic gating [16, 17]. It is found that the superconductivity shows some
interesting features. For instance, only the electron-doped regime show the superconductiv-
ity with the transiton tempertture (Tc) up to 1 K, whereas no superconducting signature is
observed in the hole-doped regime. Furthermore, the upper critical field Hc2 shows strong
anisotropy between the in-plane Hc2,‖ and out-of-plane Hc2,⊥, and Hc2,‖ is significantly larger
and four times the Pauli paramagnetic limit 1.84Tc. However, such features have not been
comprehensively understood.
In this work, we show that the phonon spectrum of 1T′-WTe2 dramatically softens in the
electron-doped regime, but silightly stiffens in the hole-doped regime through density func-
tional calculations. According to the phonon-mediated superconductivity theory, we reveal
that the softening of the phonons with specific momentum in electron-doped regime is the
driving force to give rise to the superconductivity. We also find an optimal electron-doped
concentration, beyond which, the Tc becomes to decline in accompany with the latent charge
density wave instability. Thus, there exists a superconducting dome in the phase diagram.
Based on the symmetry classification and linearized gap equations, we find that all the pair-
ing channels with specific irreducible representations (IRs) are degenerate without external
magnetic field. However, only the pairing in Au channel shows the experimentally observed
reasonable anisotropy between Hc2,‖ and Hc2,⊥. This behavior indicates that the supercon-
ductivity in 1T′-WTe2 probably has equal-spin-triplet pairing and belongs to unconventional
type.
Figure 1 shows the electronic structure of 1T′-WTe2 in the electron-doped and hole-doped
regimes. Around the Fermi surface, the d orbitals of W and p orbitals of Te are dominated.
Along Γ − X line, there are two electron pockets labeled by K ′ and K in electron-doped
case while only one hole pocket centered at Γ point in hole-doped case. The charge doping
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FIG. 1: (Color online)(a) and (b) The orbital-resolved band structures of 1T′-WTe along the high-
symmetry lines without and with spin-orbit coupling, respectively. The weight of the orbital is
labeled by the linewidth. In (b), the conduction band bottom is labeled by K = (1750 , 0) in units
2pi
a
and 2pib (a = 3.49A˚ and b = 6.31A˚ are the lattice constants [18]). (c) The density of states of band
structure with spin-orbit coupling. (d) and (e) the Fermi surfaces for the hole- and electron-doping
cases with the Fermi levels labeled by the blue-dashed and red-dashed lines in (b), respectively.
effect is simulated by adding or removing electrons to the monolayer 1T′-WTe2 with a
compensating uniform charge background. The level of doped carrier concentrations per
1T′-WTe2 is expressed as n (cm
−2), with positive and negative values indicating electron
and hole doping, respectively.
The calculated phonon spectra of doped 1T′-WTe2 at different doping levels are shown
in Figs. 2(a)-(c). Remarkably, some phonon modes at specific wave vectors Q and Q1
dramatically soften at electron-doped regime in Fig. 2(c), but slightly stiffen at hole doping
in Fig. 2(a). As shown in Fig. 2(d), the frequency ωQ of acoustic phonon branch involving
3
Q mode manifests significant asymmetry between electron doping and hole doping. The Q-
mode phonon is softened in electron doping and the softening is enhanced as doping density
increases. As shown in the inset in Fig. 2(d), the frequency of the Q mode phonon turns
to be negative when |ne| crosses 10.3 × 10
13 cm−2. It indicates that some long-range order
instability could emerge. In the present case, such instability is probably the charge density
wave. Furthermore, the relevant atomic displacements for the Q mode phonon are mainly
expressed as horizontal W-W streaching vibration and shear Te-Te tortuosing vibration, as
shown in Figs. 2(e)-(g). These behaviors indicate the Q mode phonon has the longitudinal-
wave feature. We have checked that the properties of Q1 mode phonon are similar to those
of the Q mode phonon.
The spectral features in Fig. 2 imply that the soft mode phonons should play a key role
in the electron-hole doping asymmetry of superconductivity in monolayer 1T′-WTe2. To
prove it, we also plot the linewidth of the phonon spectra γq,ν shown in Figs. 2(a)-(c). The
Eliashberg spectral function α2F (ω) can be calculated by [19]
α2F (ω) =
1
N0pi
∑
q,ν
γq,ν
ωq,ν
δ(ω − ωq,ν), (1)
where N0 is the electronic density of states at the Fermi surface for both spin orientations
and ωq,ν is the phonon sprectrum with momentum q and mode index ν. Considering the
total electron-phonon coupling (EPC) constant λph = 2
∫∞
0
α2F (ω)/ωdω, the momentum,
frequency and mode resolved EPC λphq,ν(ω) = 4γq,ν/(N0piω
2)δ(ω − ωq,ν). In terms of su-
perconductivity, only the electrons very close to the Fermi surface need to be considered.
It requires the energy difference between two electron εk − εk+q ∼ 0. In such a case, the
effective attractive electron-phonon interaction
V epq,ν = −1/N0
∫ ∞
0
λphq,ν(ω)dω = −4γq,ν/(piN
2
0ω
2
q,ν). (2)
From Figs. 2(a)-(c), one can find that some optical modes have large linewidth γq,ν for all
three cases. The relevant frequency ωq,ν, however, is very high. From Eq. (2), the V
ep
q,ν from
the optical modes can be neglected. The dramatic difference occurs for the longitudinal
acoustic mode. One can find that the electron doping can greatly enlarge the linewidth
γq,ν and soften the frequency ωq,ν at the specific momentum q = {Q,Q1}. If we plot the
phonon spectrum ωq,ν and linewidth γq,ν along different lines, as shown in Figs. 3(a1), (b1)
and (c1), one can find another two Q2 and Q3 soft mode phonons. Therefore, the V
ep
q,ν is
4
FIG. 2: (Color online) (a)-(c)Calculated phonon spectra for h-doped (blue lines), un-doped (black
lines), and e-doped (red lines) monolayer 1T′-WTe2, respectively. The linewidth of the spectra
is indicated by the weight of the curves. Two characteristic phonon modes at Q = (1950 ,
1
2 ) and
Q1 = (
19
50 , 0). The carrier concentration of holes and electrons are ∓9.5 × 10
13cm−2, respectively.
(d) The frequency of Q mode as a function of carrier concentration of electrons (red ball) and holes
(blue star). The inset figure is used to depict the transition of the Q mode with different charge
densities, and the line color changes from blue (h-doped) to red (e-doped) and thickness increases
with doping level. Atomic displacements of the Q soft mode with (e) top view (xy plane), (f) front
view (xz plane) and (g) side view (yz plane). The Q mode with a 36-atom unit cell (shown in
gray) is six times the size of the primitive cell (dotted green lines). Referring to our previous work
[18] for the analysis of soft mode.
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strongly enhanced by the electron doping at these special momenta. Note that all Qi with
i = 0, ..., 3 have the same horizontal ordinate Qi,x =
19
50
, as shown in Fig. 3(f). This vector
is quite close to the nesting vector of the two electron pockets K −K ′ = 17
50
. Furthermore,
the superconductivity requires condition εk − ε−k+Qi ∼ 0 for the two electrons at Fermi
surface. In Fig. 3(g) we show the nesting indicated by vectors Q1 and Q2, and find that Q1
is the best nesting vector. The consisitent relationship between the phonon spectra and the
electronic structure indicates that the Fermi surface nesting effect plays the primary role to
drive the superconductivity in 1T′-WTe2.
In Figs. 3(a2)-(e), the calculated α2F (ω) and λph(ω) are plotted. In the electron-doped
regime, α2F (ω) shows the enhanced sharp peaks at low frequencies in comparison with
the un-doped and hole-doped cases. Correspondingly, λph(ω) is strongly enhanced in the
electron-doped regime. These behaviors are consistent with the above momentum, frequency
and mode resolved analyses. To further explore the relation of these soft modes and EPC,
we calculate the logarithmic average frequency (ωlog) by averaging over all phonon modes
weighted by the α2F (ω):
ωlog = exp
[
2
λph
∫ ω
0
α2F (ω) lnω
ω
dω
]
. (3)
The calculated data of ωlog as a function of carrier density n are shown in Fig. 4(a). Clearly,
with increasing density of electrons, the ωlog decreases to the low-frequency energy, and the
exponential decay trend of ωlog is similar to that of ωQ as shown in Fig. 2(d). Furthermore,
EPC constant λph versus charge density n is also plotted in Fig. 4(b), and the data of
λph are fitted as an exponential growth function excellently. This illustrates the nonlinear
enhancement of EPC by soft mode phonons in electron-doped WTe2, and again proves
the electron-hole doping asymmetry of superconductivity in monolayer 1T′-WTe2, which is
different from the doped graphene [20] or doped antimonene [21].
Furthermore, we calculate the Tc with different doping levels using the McMillan-Allen-
Dynes formula [22]. The calculated results (data points) of Tc as a function of carrier
density of electrons (red ball) and holes (blue star) are plotted in Fig. 4(d). Clearly,
compared to the hole doping, the electron doping indeed strengthens the Tc of monolayer
1T′-WTe2, showing significant asymmetry features, which verifies our previous speculation.
More interestingly, Tc reaches the maximum of 3.3 K with n = 9.5× 10
13 cm−2 (labeled as
nc) corresponding to the best nesting condition, then drops, and finally disappears or merge
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FIG. 3: (Color online)(a1)-(a3)The phonon spectra with linewidth, the phonon density of states,
the Eliashberg spectral function α2F (ω) and the electron-phonon coupling constant λ(ω) for h-
doped monolayer 1T′-WTe2, respectively. (b1)-(b3) and (c1)-(c3) correspond to (a1)-(a3), but for
the undoped and e-doped cases, respectively. (d) The plotting of phonon density of states include
(a2), (b2) and (c2) for comparison. (e)The plotting of α2F (ω) and λ(ω) include (a3), (b3) and
(c3) for comparison. (f) The four characteristic phonon modes labeled by Q, Q1, Q2 and Q3 with
Q2 = (
19
50 ,
1
4 ) and Q3 = (
19
50 ,
19
50 ). (d) The Fermi surface nesting indicated by the vectors Q1 and
Q2.
into the possible charge density wave instability. The relevant phase diagram is also plotted
in Fig. 4(d), from which a superconducting dome can be found. Currently, using solid-
state gates or ionic-liquid gates, typical carrier concentration (1014 cm−2) can be achieved
in several two-dimensional (2D) materials [23–27], we thus expect that future experiments
for electron-doped 1T′-WTe2 can verify our maximum Tc (3.3 K), which is about four or
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(a) (b) 
(d) 
SC 
CDW 
(c) 
[16] 
[17] 
FIG. 4: (Color online) (a) and (b) ωlog and λ as a function of n, respectively. The red line and
green line are well fit to the data of ωlog and λ as an exponential function, respectively. (c) A
comparison between our calculation with the experimental results [16, 17] for e-doped 1T′-WTe2.
The logarithmical Tc from [16] has been converted. (d) A Tc − n phase diagram is plotted.
The boundary of solid line with small balls are given by our calculations. SC and CDW label
superconducting phase and charge density wave state, respectively.
five times the experimental values of 0.8 K [16] or 0.6 K [17]. In the range of experimental
charge concentration, i.e., n ∈ [0.7, 2.1]× 1013cm−2, our results are in qualitative agreement
with the experimental values [16, 17], as shown in Fig. 4(c).
Now, we turn to understand the superconducting properties of monolayer 1T′-WTe2 in
the electron-doped regime. According to Fig. 1(e), there exist two separated Fermi pockets
centered at momenta K′ and K which can be regarded as two valleys. The low-energy
Hamiltonian can be expanded around K′ and K. Define the annihilation electron operator
8
TABLE I: Classification of the inter-valley s-wave pairings according to the representations of C2h
point group.
C2(z) σh i ∆ˆ ∆ˆ
IR szτx −isz τx Matrix form Explicit form
Ag 1 1 1 τx c+↑c−↓ − c+↓c−↑
Bu -1 1 -1 szτy c+↑c−↓ + c+↓c−↑
Au 1 -1 -1 sxτy c+↑c−↑ − c+↓c−↓
syτy i(c+↑c−↑ + c+↓c−↓)
as ck,η,s, where k is the momentum measured from K
′ and K, η = ± is for two valleys and
s =↑,↓ is for spin. On the basis of [ck,+,↑, ck,−,↑, ck,+,↓, ck,−,↓], the effective Hamiltonian is
H0 = (εk − µ)s0τ0 + gµBτ0B · s. (4)
Here, s and τ are two sets of Pauli matrices for spin and valley degrees of freedom, εk =
ℏ
2k2/2m−µ is the dispersion with the chemical potential µ, g and µB are the Lande g factor
and Bohr magneton, respectively, and B = (Bx, By, Bz) is the external magnetic field. Note
that we only take into account the Zeeman effect of the external magnetic field, but neglect
the orbital effect due to the 2D feature of 1T′-WTe2. In the superconducting states, the
pairings should follow the IRs of the C2h point group of 1T
′-WTe2. In order to consider the
supeconductivity for simplicity, we adopt the approximation of Fermi surface average of V epq,ν
to neglect the weak momentum dependence, i.e., V ep =
∑
ν 〈V
ep
k−k′,ν〉k,k′∈FS. Thus, we only
consider the momentum-independent s-wave pairings, with the constant pairing interaction
−V0 = V
ep + Uscou with Uscou the screen Coulomb interaction. Furthermore, the soft-mode
phonons have the momenta connecting the two valleys, which indicates only the inter-valley
pairing is possible. Under the mean-field approximation in the Nambu basis, we can classify
the pairing symmetry under the constraint of anticommutation relation between fermion
operators. The pairing function can be parameterized by the form ∆ˆ =
∑
i∆iΓi, where Γi
is the ith IR matrix product from s and τ . The results are listed in Table I. The pairing
interaction in all pairing channels in Table I has the same amplitude of V0/2.
To evaluate the possible superconducting pairing in 1T′-WTe2, we solve the following
linearized gap equations for Tc in each pairing channel [28, 29]
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V0χi/2 = 1, (5)
where χi is the finite temperature superconducting susceptibility in ith pairing channel, and
can be calculated by
χi = −
1
β
∑
iωn,k
Tr[Γ†iGe(k, iωn)ΓiGh(k, iωn)]. (6)
Here, Ge/h(k, iωn) = [iωn ∓ H0(k)]
−1 are the relevant standard electron and hole Matsub-
ara Green functions. Note that only the electron-type bands are taken into account in
the electron-doped regime. With the approximation that the pairing occurs at the Fermi
suface, we can get χAg = 4χ0, χBu = 4χ0B
2
z/B
2, χAu = 4χ0B
2
x/B
2 or 4χ0B
2
y/B
2. χ0 =
N0
∫
dε tanh( ε
2kBT
)/ε is the standard superconducting susceptibility and kB is the Boltzmann
constant. When B = 0, one can find that all the pairing channels have the same super-
conducting susceptibility, i.e., 4χ0, likewise, the same Tc, i.e., kBTc =
2eγ
pi
~ωD exp(−
1
2N0V0
),
where γ ≈ 0.5772 is the Euler constant and ωD is the Debye frequency. It indicates that
all the pairing channels are degenerate and are the possible candidate for the supercon-
ducting ground state. When B 6= 0, the Tc of Ag channel is robust against the mag-
netic field. The Tc of Bu or Au channel is magnetic-field-direction dependent. Namely,
ln
Tc,Bu (B)
Tc,Bu(0)
= 1
2N0V0
(1 − B
2
B2z
) and ln
Tc,Au (B)
Tc,Au(0)
= 1
2N0V0
(1 − B
2
B2
x/y
). Therefore, the Bu channel is
robust against the out-of-plane magnetic field B = (0, 0, Bz) and is fragile for the in-plane
magnetic field B = (Bx, By, 0). In other words, Bu channel has large Hc2,⊥ and small Hc2,‖.
Similarly, one can find Au channel has small Hc2,⊥ and large Hc2,‖. In comparison with the
experimental observations, we find that the superconducting states in monolayer 1T′-WTe2
should fall into the Au channel with the qaual-spin-triplet pairing, whose upper critical field
cannot be restricted by the Pauli paramagnetic limit. These results can be easily understood
through the spin structure of the Cooper pairs. The Bu and Au correspond to the three
components Sz and Sx, Sy of the S = 1 spin-triplet Cooper pairs, respectively. Therefore,
the couplings between them and the magnetic field follow the Zeeman-type to minimize the
ground state energy. For a general magnetic field with B = B0(cos θ cosϕ, cos θ sinϕ, sin θ),
we can get the exact pairing form as ∆ˆ ∼ eiϕck,+↑c−k,−↑ − e
−iϕck,+↓c−k,−↓, where the phase
ϕ is determined by the direction of magnetic field.
There exist several other mechanisms to result in the strongly anisotropic upper critical
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magnetic field Hc2 including type-I [26, 30, 31], type-II Ising pairings [32] and spin-orbit
scattering [33]. Type-I Ising pairing mechanism is related to inversion symmetry breaking
and clearly is not the case in monolayer 1T′-WTe2, which preserves the inversion symmetry.
Type-II Ising pairing mechanism relies on the band near Γ point with out-of-plane orientation
of the spin locked by the spin-orbit coupling. This mechanism can also be excluded, because
no such kind of band splitting exists in monolayer 1T′-WTe2. For the spin-orbit scattering
mechanism, there are two kinds of situations. In the clean limit of crystalline sample with
high mobility, the spin-orbit coupling scattering can be discarded as it could induce the
unphysically short scattering times [26, 30, 31]. In the dirty limit, the strong spin-orbit
coupling indeed could induce the strongly anisotropic Hc2. However, the superconductivity
refers to the Fermi surface connected by the momenta relating to soft phonons. From Fig. 1
(b), the pieces of the Fermi surface close to the X point mainly has the 5d orbital characters
of W, which means the weak spin-orbit coupling therein [34]. This is also the reason why
the simple low-energy Hamiltonian in Eq. (4) is enough and is adopted to investigate the
properties of superconducting state in monolayer 1T′-WTe2. Thus, the spin-orbit scattering
mechanism can be excluded.
In conclusion, we have determined the emergence of soft-mode phonons, the relevant
enhanced electon-phonon coupling and the Fermi surface nesting is the mechanism of su-
perconductivity of monolayer 1T′-WTe2 in the electron-doped regime. A superconducting
dome is obtained in the phase diagram. An unconventional superconducting pairing with
equal spin triplet in Au channel is proposed to capture the experimentally observed strong
in-plane and weak out-of-plane upper critical fields.
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